Reported work focuses on the effect of morphology of the Fe-rich intermetallic phases on the machinability of Al-alloy containing >2wt.% Fe, obtained from automotive scrap. Effect of Mo addition on the microstructure, high-temperature impression creep and thereby the machinability of the Al-recycled alloy were studied. The machinability of the recycled alloy was estimated by investigating the built-up-edge (BUE) and surface roughness (R a ). SEM-EDS and TEM-SADP studies have shown that the crystal structure (BCC) of the Al 8 Fe 2 Si phase remained unchanged; however, Mo replaced few Fe atoms with little effect on the lattice dimension. It has been found that the addition of Mo to the recycled alloy suppresses the formation of b-phase (Al 5 FeSi) by suppressing the peritectic transformation of a (Al 8 Fe 2 Si) phase. Such suppression is found to improve the high-temperature creep resistance and the machinability with the increase in the Mo addition level.
Introduction
Recycling of aluminum has been gaining its importance due to the energy concerns in extraction of primary aluminum (Ref 1, 2) . Fe impurity in recycled aluminum is highly undesirable due to the tendency of the formation of brittle intermetallics such as Al 5 FeSi (b-phase); which exists in a needle/plate-like morphology . On the other hand, literature suggests that the formation of Al 8 Fe 2 Si phase, decreases the brittleness caused by the Al 5 FeSi (b-phase), owing to its polyhedral and star-like morphology (Ref 10, 11) . However, it is known that Al 8 These Al 5 FeSi phase not only affects the mechanical properties but also the machinability of the Al-alloy, adversely. Earlier reports attribute the tool wear and poor machinability of the Al-alloys to the abrasion action of these hard intermetallics with the tool (Ref 12) . It is well-known that the machinability of a metal/alloy is judged by studying the surface roughness (R a ) of the machined component (Ref [13] [14] [15] . Unfortunately, not many reports were found to focus on the understanding of the machinability of the recycled Al-alloys with high Fe content.
Mn is extensively used as an iron-corrector in Al-Si foundry alloys, and an optimum Mn/Fe ratio usually maintained is 0.5. Reports confirm the formation of complex AlFeMnSi-type phases with Chinese-script morphology (Ref 6) . However, Mn needs to be added in large quantities, in order to maintain the Mn/Fe ratio in Al-Si alloys containing high levels of Fe impurity, which may lead to other problems in practical scenario. Owing to its similarity with Fe in the lattice structure and atomic radius, Mo is expected to intervene the nucleation and growth of the Fe-rich intermetallics. Hence, Mo was added as an iron-corrector, to the recycled Al-alloy investigated in the present study. And the influence of Mo on the microstructure and thereby the machinability and high-temperature impression creep resistance of the recycled alloy has been discussed herein.
Materials and Methods
About 1000 gm of Al-recycled alloy ingot (Si = 5.34; Fe = 2.16; Cu = 1.39; Zn = 1.06; Mn = 0.28; Mg = 0.11; Ni = 0.10; Sn = 0.02; Al = balance) provided by the Malaysian Aluminium Alloys Company (MA Alloys), Malaysia was cut and melted in a tilting-type resistance furnace. Predeter-mined amounts of Mo were added in the form of Al-9Mo master alloy machined turnings at 730 ± 5°C followed by 30 s stirring. The melt was then poured into a pre-heated (450°C) cast-iron cylindrical mold (30 mm diameter and 120 mm height). The as-cast specimen was cut along their transverse axis and was subjected to standard metallographic preparations. Optical and scanning electron microscopy was performed on the specimen in order to study the microstructure. TEM-SADP studies were conducted on selected phases, cut using FIB (focused ion beam). The High-temperature (250°C) impression creep studies (at constant indentation stress 360 MPa) were conducted using an impression creep testing equipment ( Fig. 1) , in order to understand the effect of Mo additions on the high-temperature strength of the recycled Al-alloy. The high-temperature impression creep tester consists of Inconel indenter (cylindrical, 0.8 mm dia.) enclosed in an electric resistance furnace capsule, as indicated in the schematic diagram (Fig. 1) . The time-displacement curves obtained from the impression creep experiments are discussed herein.
Dry-machining studies were carried out on the as-cast alloy samples using a computer numerical control (CNC) lathe machine using a program which was kept unchanged for all the specimens. A depth of cut of 2 mm, speed 1000 rpm and feed rate of 250 mm/min were used as parameters for machining specimens discussed in this work. This is to ensure that the effects of these parameters on the machinability (surface roughness R a and built-up-edge, BUE) remain same. After the completion of the turning operation on the lathe, the machined surfaces were subjected to surface roughness (R a ) measurements using Alicona Infinite Focus microscope. While the built-up-edge (BUE) on the cutting tool inserts was also measured using the same machine. The results obtained in the above measurements are closely studied for a detailed understanding of the influence of Mo on the high-temperature impression creep and machinability of the recycled alloy.
Results and Discussion

Microstructure
As-received automotive recycled alloy used in the present work has been found to consist Fe in the form of star-like Al 8 Fig. 4(a), indicating an The Al 8 (FeMo)Si phase found in the Mo-treated alloy specimens were undergone detailed microstructural characterization using SEM-EDX (Fig. 5) and TEM-SADP (Fig. 6) . It is evident from the SEM-EDS analysis in Fig. 5 that the hexagonal faceted phase found in the Mo-treated alloy, consists of significant amount of Mo. The TEM-SADPs obtained from the hexagonal phase (shown in Fig. 5 ), for various zone axes reveal a BCC structure with a lattice parameter of a 12.8 Å , which is very close to that reported in the literature a = 12.56 Å (Ref 14) . This finding strongly confirms that Mo, owing to its similarity with the atomic radius and electronegativity of Fe, perhaps substitutes few of the Fe atoms in Al 8 Fe 2 Si (as per Hume-Ruthery rule) and thereby suppresses the peritectic transformation responsible for the formation of the Al 5 FeSi phase, which is confirmed by the decrease in the concentration of Al 5 FeSi phase, with the increase in the addition level of Mo in Fig. 7 . 
High-Temperature Impression Creep
The time-displacement curves obtained from the impression creep experiments conducted on the recycled alloy specimens have been plotted in Fig. 8 . It has been found that the depth of the indentation decreases with the increase in the Mo content, suggesting a significant strengthening effect of Mo. Decrease in the slope of the time-displacement curve with increase in the Mo content, also suggests an increase in the activation energy of creep deformation in the Mo containing alloy.
Machinability
Built-up edge (BUE) is a well-known phenomenon of the tool damage which is caused due to the deposition of the workpiece material on to the tool surface due to the thermofrictional effects caused due to the rubbing action of the cutting (Ref 15-18 ). In the present work, the BUE deposited on the cutting tool surface was measured and the 3D photographs illustrating the BUE corresponding to the inserts have been shown in Fig. 9(a-c) . It is clear from Fig. 9 (a-c) that the BUE formation is more in the case of Fig. 9(b) which corresponds to the cutting tool insert used for machining as-cast recycled alloy without Mo than that used for machining alloy with 0.2 wt.% Mo. This could be due to the dispersion strengthening effect caused by the addition of Mo. On the other hand, the improved high-temperature creep resistance of the Mo-treated alloy also counteracts the tendency of the formation of BUE. Figure 10 The surface roughness R a of the machined recycled alloy decreases with increase in the Mo content which is an expected behavior in connection with the reduced BUE as discussed above. Hence it can be seen that the machinability can be improved by the addition of Mo to Fe containing Al-recycled alloy. This is due to the morphological modification and refinement of Al 8 Fe 2 Si phase and depletion of the Al 5 FeSi phase with increasing addition of Mo in Al-recycled alloy.
Conclusions
• Molybdenum refines the size and morphology of the starlike Al 8 Fe 2 Si phase in Al-Si recycled alloy with Fe >2 wt.%.
• It has been found that Mo suppresses the peritectic transformation of Al 8 Fe 2 Si, which leads to the depletion of the Al 5 FeSi and thereby improves the high-temperature strength and machinability of the Al-recycled alloy with high Fe impurity.
• Iron is less detrimental impurity for Al-Si alloys, in the presence of Mo.
• Aluminum scrap alloy with high Fe content can be recycled successfully without adding pure aluminum, if the Al 5 FeSi formation is suppressed. 
